In this paper, solutions based on sliceable bandwidth variable optical transceivers are presented and discussed in the context of flexgrid optical aggregation networks. Potential candidates are considered taking into account the trade-off between cost and flexibility. Furthermore optical filter narrowing effect is investigated for the proposed technologies in the framework of a metro/regional network.
INTRODUCTION
The advent of elastic optical networks and the advance of transmission techniques in terms of flexibility and capacity has led to undertake new challenges and goals, enabling the introduction of sliceable superchannels as well as the reduction of channel width for low bit rate connections. This granularity is especially useful for an aggregation network. Precisely, the adoption of flexgrid technologies improves spectrum utilization and network efficiency, while reducing CapEx investment. Thus, an evolutionary approach for the metro/regional segment has been also envisioned and novel scenario proposals have been investigated [1] .
In the last years, main network operators have been expanding their photonic mesh to the regional networks. So, it has been proposed to extend the aggregation network reach, typically confined in a metropolitan area. This implies the creation of a conveniently dimensioned pool of virtual broadband remote access servers (BRASes) co-located with IP core transit routers in the same data centre to reduce the cost. In this scenario, it is expected to have a vast number of low bit rate connections from the virtual BRASes to the multi-tenant units (MTUs). Since the requirements are substantially different with respect to core networks, more cost-effective solutions and suitable technologies are required. In this sense, flexgrid technologies offer interesting features, such as the ability of concurrently serving multiple destinations by means of the individual control of its carriers, enabled by the sliceable transceiver (S-TRX) concept [1] . For BRAS centralization in a regional network, the S-TRX must be both cost-effective and robust against transmission impairments, in order to support multiple low bit rate connections over regional optical paths of hundreds of km.
One of the main features of flexgrid technologies is that wavelength allocation and channel bandwidth is variable, with bandwidth granularity of 12.5 GHz and nominal central frequency granularity of 6.25 GHz [2] . So, filters featuring small bandwidth are expected for low bit rate connections (e.g. 10 Gb/s). When cascading these narrow bandwidth filters, the bandwidth of the resulting optical path is substantially decreased and distorted. This can be a non-negligible effect, especially for the low data rates and bandwidths envisioned to provide the BRAS-MTU connectivity, seriously limiting the transceiver performance.
In this paper, two approaches are compared for traffic aggregation taking into account the filter narrowing effect. The first option is a sliceable transceiver delivering flows that use standard on-off keying (OOK) transmission at 10 Gb/s. There, each sub-transceiver employs simple intensity modulation with direct detection (IM/DD) front-ends at the expense of increasing the number of node/network elements (e.g. including dispersion compensators and/or regenerators). However, this extremely simple transmission technology is of particular interest since it is still in use in deployed legacy optical networks. A more innovative approach can be based in optical OFDM. In fact, optical OFDM has emerged as a candidate in order to cope with elastic networking challenges, thanks to its promising capabilities for transmission link reconfiguration by the control/management layers according to the network traffic requirements [3] . Several OFDM approaches have been investigated for coping with the requirements of the proposed use case [1] [4] [5] . Among all the OFDM possible implementations, a cost effective OFDM with single side band (SSB) transmission and direct detection (DD) is analysed in the present work, which is capable to cope with the targeted distances at 10 Gb/s.
ARCHITECTURE AND TRANSMISSION SCHEME
The architecture envisioned for the targeted use case is shown in Fig. 1a . There, an S-TRX is located at the BRAS premises, serving multiple MTUs, each with the corresponding TRX unit. As mentioned in the introduction, two transmission schemes are considered for the implementation of the (S-)TRXs: simple OOK transmission with standard IM/DD scheme, and an SSB optical OFDM scheme featuring direct detection.
The scheme of the OOK transceiver is shown in Fig.1b . At the transmitter, input data is driven to an intensity modulator that is excited by a tuneable laser. At the receiver side a PIN+TIA module is used for direct detection, followed by an electrical low pass filter and the corresponding data decision block. Figure 2 shows the OFDM-based TRX block. At the transmitter side, the input data stream is first parallelized, mapped into a QPSK constellation and a training symbol sequence is added. A cyclic prefix (CP) is inserted after implementing the inverse fast Fourier transform (IFFT). After serialization, the resulting digital signal is converted into an analogue signal by a digital to analogue converter (DAC). Next, the generated signal is upconverted to an intermediate frequency (IF) and modulated onto the optical carrier using a Mach-Zehnder modulator (MZM) biased near the null point. The output optical signal is then filtered by an optical band pass filter for implementing the SSB modulation. At the receiver, the incoming optical signal is photodetected, downconverted to baseband and further digitized by an analogue to digital converter (ADC). Afterwards, the data is OFDM demodulated following the modulation steps in the reverse order. After carrying out the fast Fourier transform (FFT), training symbols are extracted in order to estimate the channel response and equalize the received symbols. Finally, data are detected after symbols de-mapping and serialization. Please note that the IM/DD OOK system operates at a fixed 10 Gb/s data rate, with no digital signal processing (DSP) and legacy hardware. Along a different line, the OFDM TRX is a low cost future-proven solution including DSP, approaching the bandwidth variable transceiver (BVT) concept. One of the relevant OFDM abilities is that its individual subcarriers can be arbitrarily set with different bit/power loads, enabling optical spectrum manipulation with sub-wavelength granularity. This is an interesting aspect, as non-intrusive OSNR monitoring at subcarrier level has been recently demonstrated [6] , designed to be deployed in the network nodes, enabling the possibility of adaptively modulating each OFDM subcarrier according to the measured OSNR profile. Furthermore, several forward error correction (FEC) code options can be used ad hoc in the SSB OFDM BVT, according to the target performance and the available resources. Additionally, no dispersion compensation is needed by the OFDM transceiver proposed, at the expense of including an SSB filter at the transmitter side; whereas OOK is heavily affected by the chromatic dispersion, needing compensation modules at the nodes.
Figure 1: (a) Generic architecture for BRAS-MTU connectivity; (b) IM/DD OOK transceiver scheme.
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SIMULATIONS
The performance of the proposed system is assessed by means of numerical simulation using Matlab and Numeric Python software. Both approaches have been evaluated by means of Monte Carlo error counting, which provides the best estimation the system bit error ratio (BER). In both cases, a target BER limit is set to 10 -3 , assuming a hard decision FEC (HD-FEC) coding scheme. In fact, a super FEC RS(1023,1007)/BCH(2047,1952) code can serve to this purpose, increasing the signal overhead up to 7 % [7] . Additionally, a 2·10 -2 target BER is also taken into account for the OFDM BVT, as it is a more flexible solution with rate/distance adaptation capabilities and a soft decision FEC (SD-FEC) scheme can be envisioned [8] .
Regarding the IM/DD OOK system, a data set of 2 17 pseudorandom bits is generated using a sequence of 2 15 -1 running at 10.7 Gb/s, to consider the 7 % HD-FEC overhead. Next, data is transmitted at 1550 nm using intensity OOK with an extinction ratio of 10 dB and transmitter output power of +3 dBm. The optical carrier is modelled as an ideal continuous wave (CW) laser with 5 MHz linewidth. At the receiver side, after optical preamplification and filtering, the photodetector is modelled as standard PIN, featuring 0.7A/W responsivity, dark current of 10 nA and thermal noise of 16 nA/sqrt(Hz). The photodetected current then traverses a 5 th order Bessel filter with 8.56 GHz bandwidth. Afterwards, data is downsampled and detected at the data decision stage.
For the OFDM, 2 16 bits are randomly generated running at 10 Gb/s net data rate. Next, the bit sequence is parallelized, QPSK encoded and OFDM modulated to 512 carriers using the IFFT. The OFDM symbols are serialized and upsampled to emulate the DAC. The resulting signal is upconverted to an intermediate frequency (IF) of 9.17 GHz and injected to the MZM which is excited by a CW laser with 5 MHz linewidth. In order to achieve SSB transmission an optical bandpass filter of 25 GHz is placed after the MZM. At the receiver, the photo-detector is modelled as PIN diode with the same parameters used for the OOK system. IF downconversion, filtering, OFDM decoding and data demodulation are performed after photo-detection. The total signal overhead is 22.2 %, in order to consider also a SD-FEC. Accordingly, the generated OFDM signal is operating at 6.11 Gbaud and, after SSB filtering, the optical bandwidth occupied is 12.2 GHz.
The optical filters used in the simulations are modelled according to [9] . To this extend, we carry out several spectral measurements of a commercial of-the-shelf programmable filter based on liquid crystal on silicon technology. Precisely, the filter is measured at a central wavelength of 1550 nm and different nominal values of the bandwidth: 12.5 GHz, 25 GHz and 50 GHz. Results are shown in Fig. 3a . Note that the nominal values of the filter bandwidth correspond to the -6 dB bandwidth of the measurement. After carefully adjusting the model of [9] to the measurements, the best fitting corresponds to a bandwidth of the optical transfer function of 11.77 GHz for all the measured nominal bandwidths. The results are also depicted in Fig. 3a . There we can observe that the model is perfectly matching all the measurements for relative magnitude values down to -20 dB. Accordingly, we calculate the transfer function when concatenating up to 12 filters for a filter of 50 GHz bandwidth. This is shown in Fig. 3b . There we can see that the -6 dB bandwidth of the initial filter is 50 GHz and, after concatenating 12 filters, the -6 dB bandwidth is 27.1 GHz due to the narrowing effect of the filter edges. 
RESULTS AND DISCUSSION
The performance of the proposed systems is assessed in terms of back-to-back OSNR requirement within 0.1 nm. Since typical broadcast and select architectures consider two filtering stages per node, we carry out the study considering the concatenation of up to 12 filters (6 hops). The filters are considered to have nominal bandwidth of 50 GHz, 25 GHz and 12.5 GHz. Results are shown in Fig. 4 . The 50 GHz case is depicted in Figs. 4a and 4d for OOK and OFDM, respectively. Neither the OOK nor the OFDM signals are affected by the filter narrowing effect. The required OSNR for the HD-FEC target BER is 10.7 dB for OOK and 12.0 dB for OFDM at all the filter stages examined. 8.7 dB OSNR can also be a suitable requirement for OFDM, as it has the ability of switching the FEC coding scheme from HD-FEC to SD-FEC.
When considering 25 GHz filters, the required OSNR ranges from 10.7 dB up to 17.2 dB for the OOK case, whereas the OFDM system needs OSNR values within 12.0 dB and 22.7 dB to achieve the HD-FEC target BER. In case SD-FEC is used in OFDM, the OSNR requirement is relaxed to the range between 8.7 dB and 14.0 dB.
Finally, the case of filters with 12.5 GHz is analysed. As expected this is the worst examined case. Indeed, OOK can only meet the HD-FEC target BER after 2 and 4 filtering stages, with 17.2 dB and 25.7 dB OSNR, respectively. For the OFDM system, similar degradation is observed and it meets the proposed HD-FEC target BER after 2 filtering stages with 21.5 dB OSNR. In case the SD-FEC limit is used, OFDM can be suitable for 2 and 4 filtering stages requiring 14.1 dB and 25.9 dB OSNR, respectively. 
CONCLUSIONS
In this paper, we have examined two alternative solutions for sliceable transceivers in the context of flexgrid optical aggregation networks. Potential candidates include legacy 10G OOK and SSB OFDM technologies, trading cost against flexibility. Optical filter narrowing effect has been investigated for the proposed technologies assuming narrow bandwidth connections. Results show that OFDM BVT is a feasible candidate, providing increased flexibility, thanks to its ability to set different performance target when taking into account the filter narrowing effect. In addition, OFDM performance can be further improved by applying DSP-enabled rate/distance adaptive transmission [3] - [4] .
